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The s u r f a c e  of neut ron  stars, i f  v i s i b l e  a t  a l l ,  w i l l  have 

a tempera ture  of around J.Od 7 %. Most o f  t h e  r a d i a t i o n  from such stars 

w i l l  be .A? t h e  f a r  u l t r a  v i o l e t  or  t h e  n e a r  x- ray  band,and  w i l l  not 

- p e n e t r a t e  thzrrcgh our atnosphsra. Eence, for the d e t e c t i o n  of snc:: 

stars, an o r b i t i n g  t e l e s c o p e  working i n  t h e  n e a r  x-ray band w i l l  Le 

most u s e f u l ,  
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Some r e c e n t  rocketbound X-ray experiments  i n d i c a t e d  t h e  

e x i s t e n c e  of discrete X-ray s o u r c e s  i n  t h e  3 A  - 10A wavelength 

region(’)  ( * )  . The measured f l u x  be ing  1.4 x ergs-sec-lA-l 

a t  5A a t  a sou rce  nea r  Scorp ius  and 2 x 10’’ ergs/crn2A-l for  a 

s o u r c e  nea r  t h e  Crab Nebula ( t h e  remnant of Supernova 1054 A.D.) 

w i t h  a n e a r l y  f l a t  spectrum from 1 . 5 A  t o  8 A ,  and an angu la r  

s i z e  < 5’. D e t a i l e d  spectrum, arquli..: s i z e ,  shape,  and p r e c i s e  

l o c a t i o n s  of t h c  X-ray sources  a r e  no t  y e t  a v a i l a b l e .  

It was 

g/cm3, 

e m i t t e r s  i n  

37 around 10 

suggested t h a t  neu t ron  s t a r s  ( s t a r s  of d e n s i t y  

thought  t o  be remnants of supernova) are X-ray 

t h e  10A r e g i o n ,  w i t h  a t o t a l  r a d i a t i v e  power of 
0 

e rgs / sec ,  and w i l l  l a s t  -10 3 y e a r s ( 3 ) .  Indeed ,  i f  

one of t h e  X-ray s o u r c e s  i s  a s s o c i a t e d  w i t h  t h e  Crab Nebula 

( d i s t a n c e :  4 x 10 3 l i g h t  yea r s )  t h e  e s t ima ted  r a d i a t i v e  power 

i s  a l s o  around 10 37  ergs /sec  (4) . The very  h igh  d e n s i t y  o f  

neu t ron  s t a r s  (-nuclear d e n s i t y ) ,  and t h e  very h igh  s p a t i a l  

c u r v a t u r e  sur rounding  them, make them ext remely  i n t e r e s t i n g  

o b j e c t s .  The t h e o r e t i c a l  importance of whether or n o t  neu t ron  

stars are obse rvab le  has  been d i s c u s s e d  i n  a s e p a r a t e  paper  . 
I n  t h i s  paper  we  d i s c u s s  some p r o p e r t i e s  of t h e  s u r f a c e  p e r t a i n i n g  

t o  f u t u r e  exper iments .  

( 3 )  

The i n t e r n a l  s t r u c t u r e  of neu t ron  stars has  been wide:;[ 

s tud ied( ’ )  . The g e n e r a l  r e s u l t s  ( independent  of t h e  d e t a i l e d  
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form of any c o v a r i a n t  equa t ion  of s t a t e )  are: The  mass i s  i n  

between 0.2 M a  t o  around 1 .3  Ma (Ma = s o l a r  mass = 2x1033 g ) ;  

neu t ron  s t a r s  w i t h  mass o u t s i d e  t h e  above range  cannot  e x i s t .  

The r a d i u s  i s  around 1 0  6 c m .  

e x i s t  i f  t h e  d e n s i t y  i s  g r e a t e r  t h a n  1015 g/cm3. 

Hyperons zs w e l l  a s  neut renc  may 

Since  neut ron  

m a t t e r  is u n s t a b l e  a g a i n s t  > e t a  decay when t h e  d e n s i t y  i s  b e l o w  

i0l2 g/cm3, t h e  o u t e r  s h e l l  of a neu t ron  s t a r  must be composed 

of  o r d i n a r y  mat te r .  Most l i k e l y ,  e lements  are i n  an  e q u i l i b r i u m  

s t a t e ;  a t  P < 10 7 g/cm 3 , Fe56 i s  most ly  abundant .  However, o t h e r  

e lements  nay e x i s t ,  and their  p re sence  may g i v e  c l u e s  t o  the h i s t o r y  of 

format ion  of neu t ron  stars. 

W e  now estimate t h e  energy c o n t e n t ,  t h e  i n t e r n a l  t empera tu re ,  

and t h e  s u r f a c e  properties of neu t ron  s t a r s .  

(i) I n t e r n a l  Enerqy (6) 

There a r e  no sne rgy  sources  i n s i d e  a neut ron  s t a r :  t h e  

r a d i a t e d  energy comes from t h e  remai:;ing the rma l  energy of t h e  

.* 

d e g e n e r a t e  neu t ron  g a s .  I n  s table  and r e a l i s t i c  s ta r  models, t h e  

Fermi momentum pF has  a va lue  i n  between 0.1 M n c  t o  0.5 M,c (Mn 

is  t h e  neut ron  m a s s ) .  

//' i n t e r n a l  ener_gy+ of a neut ron  s ta r  i s  roughly  

, 

-. 
Using a t y p i c a l  v a l u e  0.3 MnC f o r  PF, t he  

1' 
/ 

- .' 
- __------ 

2 
Et = 3.8 x lo4' T9 M33 e r g s  

where Tn = T/lOn and Mn = M / l O n .  
i 
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(ii) Neu t r ino  Product ion  and I n t e r n a l  Temperature 

The plasma n e u t r i n o  p rocess  i s  t h e  most impor tan t  n e u t r i n o  

From t h e  e q u i 1 i b r i u m . e l e c t r o n  d e n s i t y  i n  a t y p i c a l  p r o c e s s ( 7 )  . - 
neu t ron  s t a r  ( M  = g / c m  3 , r a d i a s  R = 106 cm, mean d e n s i t y  

14 P = 10 

t h e  r e s u l t s  a r e  l i s t e d  i n  Table  I .  

emiss ion  d e c r e a s e s  s h a r p i y  wi tn  i n c r e a s i n g  t empera tu re ,  and t h a t  

a g a i n s t  o p t i c a l  r a d i a t i o n  d e c r e a s e s  w i t h  d e c r e a s i n g  tempe- & a t u r e .  

g/cm3) an  average  n e u t r i n o  emis s ion  r a t e  can be e s t i m a t e d ;  

’ The l i f e  t i m e  a g a i n s t  n e u t r i n o  

. This  A m a x i m u m  t i m e  scale (-10 3 yea r s )  e x i s t s  a t  T - 13’ OK 

w e  take t o  be  t h e  t y p i c a l  t i m e  scale f o r  s u r f a c e  emiss ion  from 

n e u t r o n  stars. 

(iii) S u r f a c e  Composition and S t r u c t u r e  

Mat t e r  a t  P < 1OI2 g/cm3 is  composed o f  b e t a - s t a b l e  n u c l e i  

and degene ra t e  e l e c t r o n s .  A t  a l o w e r  d e n s i t y  (-10 6 g/cm 3 ) 

e l e c t r o n s  w i l l  be non-degenerate.  

from neu t ron  m a t t e r  t o  t h e  non-degenerate l a y e r  because t h e  the rma l  

c o n d u c t i v i t y  of degene ra t e  e l e c t r o n s  (and neutral-s) is very  h igh  

compared t o  t h a t  of t h e  non-degenerate l a y e r ,  t h e  temperature i s  

n e a r l y  c o n s t a n t  th roughout  t h e  neu t ron  s t a r  and drops s h a r p l y  o n l y  

i n  t h e  non-degenerate l a y e r .  I n  t h i s  r e s p e c t ,  t h e  s u r f a c e  of 

n e u t r o n  stars resembles t h a t  f o r  wh i t e  - . ~ a r f  s t a r s .  A l s o  i n  t h e  

s u r f a c e ,  t h e  r e l a t i v i t y  p a r a n e t e r  GM/Rc2 = 0.1  ( R  i s  t h e  r a d i u s  

of t h e  neu t ron  s t a r ,  G t h e  c o n s t a n t  of g r a v i t a t i o i . ,  ; n o n - r e l a k l v i s t i c  

While t h e  d e n s i t y  d rops  s h a r p l y  

. 



t h e o r y  may be  used. Using t h e  same t echn ique  a s  u s e d  i n  solving 

whi te  dwarf s t a r s ( * ) ,  f o r  t h e  d e g e n e r a t e  l a y e r  one o b t a i n s  P a s  

a f u n c t i o n  of r :  

where < = r/R, R6 = R/10 6 cm.  For  M = R6 = 1, and ? = 10 1 2  g / c m  3 , 3 3  

w e  f i n d  1 - 5 = 0 .1  and t h e  mass con ta ined  in t h e  degene ra t z  l a y e r  

amounts t o  on ly  of t h a t  of t h e  s t a r .  

I n  t h e  non-degenerate l a y e r ,  two p h y s i c a l  p rocesses  c o n t r i b u t e  

t o  t h e  o p a c i t y  of n a t t e r  t o  r a d i a t i o n :  Compton scattzrizg and 

pho to - ion iza t ion  of K s h e l l  e l e c t r o n s  of Fe56. T h e  c r o s s - s e c t i o n  

of Compton s c a t t e r i n g  a t  T = 109 *I i s  s t i l l  q u i t e  c l o s e  t o  i ts 
c\ 

L 

n o n - r e l a t i v i s t i c  va lue  (= &?$) = 6 . 7 ~ 1 0  -25 c m 2 ) .  The c r o s s  

s e c t i o n  f o r  t h e  pho to - ion iza t ion  p r o c e s s  has  a V - 3  dependence 

( v  i s  t k e  f requency  of t h e  pho ton) .  

3 

A t  T > 5 x 1 ~ 1 ~  OK, t h e r e  a r e  

very  f 2 w  bound e l e c t r o n s ,  and o n l y  Compton scz:-; tering need be 

cons ide red .  A t  T < 5 x 1 0 ~  OK, t h e  o p a c i t y  i s  precominant ly  due t o  

pho to - ion iza t ion  p rocess  (bociid-free p rocess )  . 
W e  may d e f i n e  t h e  beginning  of t h e  non-degenerate l a y e r  by 

us ing  one of  t h e  fo l lowing  t h r e e  c r i te r ia :  (i) when t h e  p e r f e c t  

g a s  , r e s s u r e  (P = 

( E < .  ( 4 ) )  , t h i s  g i v e s  P - l o 6  g/cm3 a t  T = lo9 OK. 

L PT) i s  equal t o  t h a t  f o r  a degene ra t e  g z s  
mp @e 

(ii; When 

..e the rma l  c o n d u c t i v i t y  of e l e c t r o n  g a s  is  t h e  sane  as t h a t  
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due t o  Compton s c a t t e r i n g .  This  g i v e s  P = 5x10 5 g/cm 3 . T h e s e  two 

c r i t e r i a  g i v e  t h e  sane va lue  of P t o  w i t h i n  a f a c t o r  of 2 .  I f  t h e  

i n t e r n a l  t empera tu re  T i s  g r e a t e r  t h a n  5x108 OK, t h e  t empera tu re  

drops  t o  w i t h i n  5077 of t h e  surface t empera tu re  be fo re  2hoto-ionf _ -  

z a t i o n  p r o c e s  becomes impor tan t .  

s c a t t e r i n g  i s  independent  of t empera tu re  and d e n s i t y  [ ( X P )  -' is  

t h e  mean f r e e  p a t h  of  photons] .  The r a d i a t i v e  t r a n s f e r  problem 

The o p a c i t y  it f o r  Compton 

becomes a n a l y t i c a l l y  s o l v a b l e  (10) . The s o l u t i o n  i s  

where L i s  t h e  t o t a l  energy f l u x ,  k i s  t h e  Boltzmann c o n s t a n t ,  a 

t h e  StegEn-Boltzmann c o n s t a n t ,  L a  = s o l a r  energy f l u x  = 2 x 10 33 

e r g s .  For  t h e  Compton process, N. = 0.2.  Knowing T and P a t  t h e  

be,-inning of t h e  non-degenerate l a y e r ,  one can Z i t  E q .  ( 3 )  t o  t h e  

i n t e r i o r  s o l u t i o n  of E q .  ( 2 )  u s i n g  L as t h e  fi t t i i- ic;  parameter .  

A t  T = lo9 OK, t h e  d e n s i t y  t h a t  s e p a r a t e s  t h a  degene ra t e  and 

From Eq.  ( 3 )  we f i n d  non-degenerate l a y e r  has  a va lue  lo6 g/cm3.  

L = 2x10 Lo. 

t h a t  

3 This  va lue  of L may b e  f u r t h e r  checked by no t i c inc ;  

4 
T4 4nR2/ns = 7 ~ 1 0 ~ ~  (Tg /ns) e rgs / sec  (5) L = -  a c  

4 I 
where n s  i s  t h e  t o t a l  number of s c a t t e r i n g s  an average  photon 

s u f f e r s  b e f o r e  l e a v i n g  the s t a r ,  and T i s  ,:?e i n t e r n a l  ternpera:ure 
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(6) ns = .j"Pdr 

The i n t e g r a t i o n  t e r m i n a t e s  a t  roughly  t h e  s u r f a c e  tempera ture  of 

t h e  s t a r .  Using Eq .  ( 3 ) ,  (4) and a m m e  precise v a l u e  of N f r o m  

a d e t a i l e d  Los Alamos c a l c u l a t i o n  (11), one f i n d s  ns = 1.8 x La 8 , 

of which around 10% is  c o n t r i b u t e d  by pho to - ion iza t ion  p r c  

From Eq.  (5 )  w e  f i n d  L = l o 3  L o ,  which i s  o n l y  a f a c t o r  of 2 

d i f f e r e n t  from Lhe va lue  w e  ob ta ined  from f i t t i n g  boundary 

c o n d i t i o n s .  A s  a f i n a l  check, a t  a s u r f a c e  t e m p e r a t u r ,  o f  

> s .  

l o 7  OK, t h e  i n t e g r a t e d  c e n t r a l  t empera tu re  i s  around 0.Cx109 OK, 

c l o s e  t o  t h e  va lue  of lo9 OK t h a t  ws assumed. 

Table  I l i s t s  t h e  photon luminos i ty  as a f u n c t i o n  of t h e  

central  t empera tu re ,  s u r f a c e  tempera ture ,  and 7 = T/(dT/dt) 

( l i i ' e t i m e )  . 
8 0  

A s  t h e  i n t e r n a l  temperature drops t o  below IO K ,  t h e  

spectrum of surface emiss ion  s h i f t s  to u l t r a v i o l e t  rLgion f o r  

which i n t e r s t e l l a r  a b s o r p t i o n  i s  l a r g e ,  and t h e  chance f o r  

o b s e r v a t i o n  is s m a l l .  
I-  
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( i v )  Spectrum of Sur face  Emission of Neutron S t a r s  

Although t h e  energy o u t p u t  of a neu t ron  s t a r  i s  h igh ,  on ly  

- 

a sma l l  f r a c t i o n  of it (-lo-”) w i l l  be a b l e  t o  p e n e t r a t e  through 

our  atmosphere (14) , and mast of t h e  e n i s s i o n  w i l l  be  i n  t h e  X-ray 

r e g i o n .  The mean s u r f a c e  d e n s i t y  i s  around 0 . 1  g/cm 3 . Wit:--  a 

v a l u e  of K = 2.6 a t  T = lo7 OK ( p h o t o - i o n i z a t i o n  p r o c e s s )  most of 

t h e  emiss ion  w i l l  come from a l a y e r  of t h i c k n e s s  around 4 c m  

(- t h e  mean f ree  p a t h  of p h o t o n s ) .  The spectrum w i ‘ l  show 

a b s o r p t i o n  l i n e s  o r  d i s c o n t i n u i t i e s  a t  t h e  io r . i za t ion  energy 02 

K o r  L e l e c t r o n s ,  w i t h  a Doppler wid th  of a r o u n i  l O - * i .  Fro;-.-, t h e  
?s 

l o c a t i o n  End magnitude of inare t h a n  one of t h e s e  d i s c o n t i n u i t i e s  

( o r  l i n e s )  one can de termine  t h e  r ed  s h i f t  and t h e  coixposi t ioa.  

The r ed  s h i f t  is of t h e  o rde r  of % (-0.1) and i s  q u i t e  

l a r g e  compared w i t h  t h e  Doppler s h i f t  causea  by t h e  mo-,ion of 

heavenly bod ies  (s - The r e d  s h i f t  i s  p r o p o r e i o n a l  t o  

M/R. On t h e  o t h e r  hand, i f  wa can o b t a i n  a good r e l i a 3 l e  

R c 2  

- 1  

e q u a t i o n  of s t a t e  from elementary p a r t i c l e  t h e o r y ,  w e  can ; . , L u I I ,  - -  
a t h e o r e t i c a l  M-R r e l a t i o n .  Combining t h i s  r e s u l t  wi-Eli t h e  r e d  

s h i f t  measurement, t h e  mass of neut ron  s t z r s  can be dezermined. 

The s u r f a c e  t empera tu re  and t h e  measured f l u x  on e a r t h ,  combining 

w i t h  an in fo rma t ion  on R, w i l l  g i v e  us  2 d i s t a n c e ,  which can be 

checked a g a i n s t  known d i s t a n c e s  of s u e r n o v a  remnants,  i f  an:.. 

P r e s e n t l y ,  t h e  measurable  flux i n  rockz-c t echn ique  Ls E .:3 

lo‘* .:;/sec-cm2. Th i s  means t h a t  r-eutron s t a r s  a t  a f e w  tho; . a d  
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e '  

l i g h t  y e a r s  can now be de tec ted .  I n  t h e  f u t u r e ,  when space  

o b s e r v a t o r i e s  a r e  a v a i l a b l e ,  it i s  n o t  beyond tne p r e s e n t  t ech -  

nology t o  d e t e c t  a l l  neu t ron  stars ( a g c  = 1000 y e a r s )  i n  ou r  

ga l axy .  S i n c e  a t  10A wavelength,  i n t e r s t e l l a r  aSso rp t ion  i s  

n e g l i g i b l e ,  one can  even d e t e c t  t h o s e  Sehind d u s t  c louds .  Super- 

nova e x p l o s i o n s  obscured by d u s t  c louds  may now be obse rvab le  

t h e  X-ray band, s i n c e  d u r i n g  t h e  f i r s t  y e a r  of t h e  formztior ,  of 

neut ron  s t a r s ,  t h e y  have an X-ray luminos i ty  e q u i v a l c n t  t o  1G4- 50 

(Table  I ) .  

- 

0 

In 

Moreover, because t h e  l i f e  t i m e  of neut ron  s k a r s  \ ;ainst  

o p t i c a l  r a d i a t i o n  i s  s h o r t ,  one can observe  anaual  d e c l i n e s  I n  t h e  

energy f lux  a s  w e l l  a s  a d e c r e a s e  i n  t empera tu re .  

g r e a t  s e n s i t i v i t y  by observ ing  c h e  t a i l  of t h e  Planck d i s t r i b u t i o n  

( s a y ,  observe  1 0  kev  photons for 1 kev s u r f a c e  tezperature.) 

One C L ~ I  get 

The rzse  of occurence of supernovae i s  around one p e r  50 - 300 

;isrice t h e  maximum number of expe r imen ta l ly  observed necL y e a r s .  

s t a r s  X-ray s o u r c e s  a n t i c i p a t e d  cannot  exceed,  s a y ,  50 .  A t  p r e s e n t ,  

on ly  t h r e e  discrete  sources have been r e s o l v e d  (1) ( 2 )  

I would l i k e  t o  thank  D r .  A.G.W. Cameron, D r .  Donald X o r t o n ,  

and P r o f e s s o r  E .  E .  S a l p e t e r  f o r  d i s c u s s i o n s ,  and Miss J a n e  Kes~on 

f o r  h e l p  i n  numer ica l  i n t e g r a t i o n s .  
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H .  Y. Chiu, iiSupernovae, K'eutr inos,  and Xeutron S t a r s i i ,  t o  
be pub l i shed  i n  Annals of ? h y s i c s .  

Near t h e  sou rce  l o c a t e d  i n  Sco rp lo  ( t o  w i t h i n  op,e Zegree) , c? 
very b r i g h t  s t a r  of S r i g h i n e s s  - quzrtc- ::,eon wcs c5servc. .  -3r 
f o u r  months around A.D.  827  by two A r z b l c  C I = S Z - T V E ~ ~ S ,  ::~I-J 222 
Giafar Ben Mohamed Albunazar.  N o  s i n i l a r  r e c o r d s  have been 
l o c a t e d  i n  Chinese o r  Japanese h i s t o r y  y e t ,  b u t  thls eveTilc 
deservJes a t t e n t i o n .  F o r ,  i T  t h i s  e v e n t  w e r e  a supernova,  f,-c.a 
i t s  b r i skmess  d e s c r i p t i o n ,  i t s  d i s t a n c e  w i l l  be Lzound i/3 of 
t h a t  of che Crab Nebula f r o m  u s ,  and t h e  X-ray emiss ion  of - t h i s  
wauld-Se neu t ron  s t a r  b , - i l  be around t e n  t i m e s  s t r o x g e r  t h a n  
t h a t  from t h e  Crab N e b u l a  - a f a c t  indeed observed .  

Other  r e f e r e n c e s  on neut ron  s t a r s  may be found i n  R e f .  ( 3 ; .  

For t h e  thermodynamic p r o p e r t i e s  of  a Ferrni gas ,  see S .  Chandrasekhar ,  
"An in: duczion t o  S t e l l a r  S t r u c t u r e i i ,  Chapter X ,  (Dover, i951) 

B.  Aacims, M. Ruderman, and C.-H. Woo, Phys. R ~ v .  9, 1383 (1953) 
Other  x e c t r i n o  p r o c e s s e s  g ive  a r a t e  a f e w  o rcxs  o f  magnit-d'c 
below t h a t  d i scussed  i n  t h i s  paper. 

R e f .  ( 6 ) ,  Chapter X I .  

X . S .  Singwi and M .  K .  Sundaresan, Proc.  Phys. SOC. London, S e c t .  
A . ,  64, 29 (1951)  

Ref. ( 6 )  , p. 292 

11. A .  Cox, I IS te l la r  Envelope C o e f f i c i e n t s  and Opacitiesii ,  L o s  
Alamos Labora tory  p re -p r in t  (unpub l i shed) .  

1 2 .  When t h i s  paper  w a s  f i n i s h e d ,  t h e  a u t h o r  l e a r e d  t h a t  2.  D. 
Morton (to be  publ i shed)  obtained r e s u l t s  s imi la r  t o  t h a t  g i v e n  
i n  r . -  --ble I. 
t i m e  . Eiowever, D r .  Morton d i d  n o t  ob ta in  t h e  neut r i f io  l i 2 e  



1 3 .  R .  S t a b l e r  ( C o r n e l l  t h e s i s ,  1960,  unpubl ished)  has  f i r s t  
cons ide red  t h e  o l x e r v a b l e  f e a t u r e s  of neu t ron  s t a r s .  However, 
he  used a s i m p l i i i e d  form of bound-free o p a c i t y  (Kramer ' s  Law) 
all throughout  t h e  c a l c u l a t i o n ,  and he  ob ta ined  a s u r f a c e  
t empera tu re  - 3 t i m e s  lower t h a n  t h a t  ob ta ined  i n  t h i s  paper .  
Kramer'S Law i s  n o t  a p p l i c a b l e  ts t h e  s u r f a c e  of neut ron  s t a r s  

L+. , A  E. E. S a i p e t e r ,  oiSuperdenSe Xquil ibr ium S t a r s " ,  r e p o r t e d  i n  t h e  

D a l l a s  Conference on G r a v i t a t i o n a l  Co l l apse ,  he ld  December 16-18, 
1963. Proceedings t o  be publ i shed .  V i s i b l e  $ a r t  02 t h e  Pianck 
spectrum a t  T - lo7 OK i s  arounL 10-8 of t h e  t o t a l  energy o u t p u t ,  
buc a l a r g e  f r a c t i o n  of u l t r a v i o l e t  l i g h t  (-10-2) can be  conve r t ed  
i n t o  v i s i b l e  l i g h t  by i n t e r s t e l l a r  g a s  sur rounding  t h e  neu t ron  
star. 

. \ 


